an uncommon, but life-threatening, transfusion-related complication of red blood cell transfusion. HHS has predominantly been described in patients with sickle cell disease (SCD) and is difficult to diagnose and treat. The pathogenesis of HHS, including its occurrence in only a subset of apparently susceptible individuals, is poorly understood. We undertook whole-exome sequencing (WES) of 12 SCD-HHS patients to identify shared genetic variants that might be relevant to the development of HHS.
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BACKGROUND: Hyperhemolysis syndrome (HHS) is an uncommon, but life-threatening, transfusion-related complication of red blood cell transfusion. HHS has predominantly been described in patients with sickle cell disease (SCD) and is difficult to diagnose and treat. The pathogenesis of HHS, including its occurrence in only a subset of apparently susceptible individuals, is poorly understood. We undertook whole-exome sequencing (WES) of 12 SCD-HHS patients to identify shared genetic variants that might be relevant to the development of HHS.
STUDY DESIGN AND METHODS: DNA from adults
with SCD having at least one previous episode of HHS were subject to WES. High-quality variants were passed through a series of bioinformatics filters to identify variants that were uncommon among African populations represented in public databases. Recurrent, putative loss-of-function variants occurring in biologically plausible genes were prioritized and then genotyped in a larger, ancestry-matched cohort of non-HHS controls.
RESULTS:
A rare, heterozygous stop-gain variant (p.Glu210Ter) in MBL2 was significantly enriched among HHS cases (p 5 0.002). This variant is predicted to result in a premature termination codon that escapes nonsense-mediated mRNA decay, potentially leading to a novel phenotype. We also observed a complex insertiondeletion variant in the final exon of KLRC3 that was enriched among cases (p 5 0.0019), although neither variant was found among seven pediatric SCD-HHS patients.
CONCLUSION:
Our results suggest a potential role for rare genetic defects in the development of HHS among adult SCD patients. Such enriched variants may ultimately be useful for identifying high-risk individuals and informing therapeutic approaches in HHS.
I ndividuals with sickle cell disease (SCD) frequently require therapeutic red blood cell (RBC) transfusions 1 for acute complications-such as aplastic crisis or acute chest syndrome-or to prevent primary or secondary stroke. 2, 3 Nonetheless, the benefits of RBC transfusion therapy are not without cost; compared to other transfused patients, patients with SCD have an increased risk of alloimmunization, in which antibodies (alloantibodies) are directed against the donor RBC antigens. If not suspected before transfusion, alloimmunization can result in delayed hemolytic transfusion reactions (DHTRs), 1 in which donor RBCs are destroyed. Another consequence of recurrent transfusions is a life-threatening condition known as hyperhemolysis syndrome (HHS). This is a relatively uncommon reaction that has been observed in a small subset of patients receiving antigen-negative, cross-match compatible RBCs. Patients with HHS break down both transfused and autologous RBCs, resulting in severe vasoocclusive crises, characterized by pain, fever, and occasionally, acute chest syndrome, as well as markers of acute hemolysis such as hemoglobinuria and jaundice. 4 The breakdown of both autologous and donor RBCs is supported by the presence of markers for both sickle hemoglobin (HbS) and normal hemoglobin (HbA) in the urine, mirroring observations of steroid-responsive reticulocytopenia in which the destruction of reticulocytes cannot be explained by suppression of erythropoiesis. 5 HHS, therefore, is sometimes viewed as a different clinical entity from DHTRs (in which only the donor RBCs are broken down), although the two often coexist in patients.
The symptoms of HHS mimic other complications of SCD, and hemolysis can occur even in the absence of detectable RBC alloantibodies. This makes the diagnosis of HHS particularly challenging. Subsequent transfusions may further aggravate the condition and negate the therapeutic value of transfusions. Difficulties in diagnosis also mean that data on the incidence and prevalence of HHS are not readily available; however, one retrospective review of pediatric and adult sickle cell patients followed over a 10-year period reported an incidence of 5.1% in the pediatric population and 1.6% in the adult population. 6 The prevalence of HHS in our own sickle cell transfusion cohort was approximately 3% to 5% 7 in keeping with this and previous reports; 8 however, these figures are potentially an underestimate, given the high likelihood of underreporting and/or misdiagnosed cases. Although HHS is well described in the literature, 5, [9] [10] [11] [12] [13] [14] [15] its etiology is poorly understood. Hypotheses have focused on SCD pathophysiology as a chronic disease characterized by a state of heightened inflammation, and have sought to explain HHS in the context of activated macrophages, 5 oxidative stress, 16 and hypercoagulability. 17 It has been proposed that transfusion-induced suppression of erythropoiesis may contribute to HHS. This is supported by one study in which patients with HHS exhibited a significant decrease in the absolute reticulocyte counts (reticulocytopenia); 12 however, it is unclear whether this is a primary cause or secondary effect of transfusion and does not readily explain the concomitant autologous hemolysis. Another prevailing theory is that of "bystander hemolysis" in which there is the destruction of antigen- 19-21 WES has since been extended to the discovery of variants that underlie complex traits such as fasting glucose 22 and increased risk for myocardial infarction. 23 Understanding the molecular underpinnings of HHS could offer fresh insights into the early detection of HHS susceptibility and usher in the development of new therapies, not only for HHS patients with SCD, but also for those with other hematologic conditions. This would have strong parallels to similarly uncommon reactions mediated by gene-environment interactions, such as the increased sensitivity to the HIV antiretroviral drug abacavir among persons carrying HLA-B*5701. 24 We undertook WES of 12 adult SCD individuals, all with a confirmed history of HHS, and compared the frequency of recurrent, predicted protein-damaging variants identified in these individuals with that observed in public genetic databases and an adult non-HHS cohort of similar ancestry.
MATERIALS AND METHODS

Sample population
Details of the full cohort have been previously published; 7 briefly, individuals with SCD were recruited through LifeShare Blood Services. All included samples had at least one hyperhemolysis event, with at least two of these patients having more than one episode of HHS (J.M. Moulds, unpublished data). Also of note is that we used a conservative set of criteria for diagnosis of HHS, which excluded some other borderline patients. Participants had peripheral blood collected, deidentified, and genomic DNA extracted from buffy coats or whole blood. Within this cohort (Table 1) , 17 individuals met criteria for having HHS, defined as "a posttransfusion decrease in Hb to less than pretransfusion levels without evidence of bleeding"; 7 of these, 12 individuals had sufficient DNA available for WES and were used as cases in a case-only discovery, in which variants in public databases were utilized as external references. The remaining non-HHS individuals in the cohort (n 5 202) were used as geographic and ancestral controls for our discovery cohort.
WES
WES was carried out at the Human Genome Sequencing Center, Baylor College of Medicine, as previously described. 20, 25, 26 Briefly, DNA samples were processed and quantified to meet quality control (QC) criteria before WES (HiSeq 2500, Illumina) using the sequencing-bysynthesis kits (TruSeq, Illumina) per the manufacturer's protocol. Exon enrichment was performed using an exome capture reagent (NimbleGen VCRome 2.1(rebal), Roche Sequencing). Indexed adapters were used to allow multiplexed sequencing of six samples and sequencing was performed using paired-end 100-bp read lengths.
Sequence alignment and variant calling
Base calling and QC were performed using real-time analysis software sequence pipeline (Illumina). Alignment and annotation were undertaken using the Mercury pipeline. 27 In brief, 100-bp end reads were aligned to the NCBI human reference genome (UCSC hg19) 28 using Burrows-Wheeler Aligner, 29 and duplicates marked with Picard, 30 followed by local realignment around likely short insertions-deletions (indels) and quality score recalibration using genome analysis toolkit. 31 Variant annotation and filtering Atlas2 32 was used to identify single-nucleotide variants (SNVs) and indels from the sequence data. VCFtools v0.1.9.0 33 was used to filter for variants with depth-ofcoverage of at least 103 and a "PASS" FILTER flag. Variant Tools v2.6.1 34 was used to annotate and filter variants using dbNSFP (database for nonsynonymous SNPs' functional predictions), 35 which compiles protein prediction scores from four algorithms: SIFT, 36 PolyPhen, 37 MutationTaster, 38 and likelihood ratio test. 39 Variants were also removed based on the following criteria: variants with a minor allele frequency (MAF) greater than or equal to 5% in the 1000 Genomes Project, 40 Exome Variant Server, 41 and The Exome Aggregation Consortium (ExAC); 42 variants with allele read ratios of less than 0.3 or found on sex chromosomes; and variants in genes in a list suspected to have a high false-positive rate due to high polymorphism, assembly misalignment, or misleading reference genome information. 43 
Sanger validation and genotyping of candidate variants
Dideoxy Sanger sequencing was used to validate candidate variants and to genotype candidate variants in the larger non-HHS control cohort (Table 1) . Polymerase chain reaction (PCR) primers (Sigma-Aldrich) were designed using Primer-blast 44 targeting 100-to 200-bp region flanking target SNVs, and primer quality was tested using OligoAnalyzer 3.1 (https://www.idtdna.com/calc/ analyzer). Details of the primers utilized are given in Table  S1 (available as supporting information in the online version of this paper). PCR amplification was done using DNA polymerase (PrimeSTAR GXL, Clontech Laboratories) with patients' DNA as template, according to manufacturer's instructions (annealing temperature 638C). PCR products were visualized (1% agarose gel stained with ethidium bromide) and then sequenced (Genewiz).
Replication in a secondary data set
To determine the generalizability of our findings, we interrogated WES data from an independent SCD pediatric cohort (n 5 1238), aged 2 to 21 years of age, obtained from several US sickle cell centers. SCD genotypes included HbSs and HbSb 0 . This cohort included seven children with a history of HHS, defined in the same way as the primary cohort; however, the transfusion history (either having had a transfusion or having had a number of transfusions) was unavailable for the remainder of the cohort. WES was carried out at the Human Genome Sequencing Center using the VCRome 2.1 capture reagent (Nimblegen); details of sequencing alignment, variant calling, and QC have been previously published. 20, 25, 26, 45 Variant sites were evaluated to ensure that they were captured at a similar read depth as the discovery cohort; all of the candidate variants had good coverage with more than 253 median coverage for all samples. The frequency of the candidate variants in the secondary cohort was then stratified by phenotype and reported.
Statistical analysis
Allele frequencies in the HHS and non-HHS cohorts were compared using a two-tailed Fisher's exact test (p value), alongside odds ratios (OR) and 95% confidence intervals (CIs). p values were subjected to a Bonferroni correction significance threshold of p 5 0.01 based on the number of rare, recurrent, putative loss-of-function (pLOF) variants (n 5 6) observed in the data set. Margin of error for proportions was computed using a 95% CI.
Ethics statement
All samples evaluated in this study were deidentified clinical samples left over from pretransfusion genetic testing performed at LifeShare Blood Services; a waiver of informed consent was obtained from the institutional review board of Baylor College of Medicine and no additional clinical data apart from transfusion (alloimmunization/alloantibody) status and basic demographic information was available. The study was also approved by the ethics board of St Luke's Episcopal Hospital (Houston, TX).
RESULTS
Whole-exome sequencing identified a total of 3,007,766 variants of which 1,544,050 variants "PASS"ed our QC FIL-TER. Further filtering (summarized in Fig. S1 , available as supporting information in the online version of this paper) for nonsynonymous variants (n 5 46,488) in dbNSFP and uncommon variants (MAF 0.05 in the African population) with a SIFT score of less than 0.05 resulted in a total of 8986 SNVs and indels.
Identification of candidate variants
We first focused on the class of variants predicted to have the most damaging effect on the resulting protein-socalled LOF variants, which included stop-gains, frameshifts, nonsense, and splicing (within 2 bp of intron-exon boundaries) variants. Rare singleton variants are likely to represent private familial variants; 46 thus we focused on recurrent variants (occurring more than once) that might be enriched in our HHS discovery cohort. This yielded a total of six variants (Table 2) , all of which were heterozygous stop-gains predicted to result in a premature termination codon (PTC) in the last exon, except for C1orf194, which had a PTC in Exon 2/5. PTC-generating mutations usually give rise to a C-terminal truncated polypeptide by escaping nonsense-mediated decay and so result in either a dominant negative or gain of function phenotype 47, 48 ( Fig. S2 , available as supporting information in the online version of this paper). We did not observe any significantly enriched candidate variants in the HHS group under a homozygous recessive model. A more relaxed model of recurrent, rare, likely damaging variants identified 163 missense mutations with a SIFT score of less than 0.05 (where a lower SIFT score implies a higher probability that the variant is damaging). Of these, 41 (Table S3 , available as supporting information in the online version of this paper) variants were predicted to be damaging by four or more algorithms: SIFT, 36 PolyPhen, 37 MutationTaster, 38 likelihood ratio test, 39 FATHMM, 49 MetaLR, 50 and PROVEAN; 51 however, none of the affected genes were considered to be strong biologic candidates for HHS and together with the known uncertainty of prediction algorithms, 39, 52 we opted to focus on the above pLOF variants in this analysis.
Comparison of variant frequencies
We then prioritized pLOF variants for replication in the larger cohort based on the known biologic function of the gene and the relative frequency of the variant in public databases (Table 2) . Variants in MBL2, KLRC3, and PCSK6 were deemed the strongest biologic candidates. These were validated using dideoxy Sanger sequencing ( Fig. 1 ) and then genotyped in the remainder of the study cohort (n 5 202), which included individuals with SCD from the same geographical region and of similar ethnicity ancestry. 7 The rs74754826 variant in MBL2 (mannose-binding lectin 2; transcript ID ENST00000373968: c.628G>T, p.Glu210Ter), which had a frequency of less than 1% in public databases, was observed in three of 12 HHS samples (25 6 24.5%) and this was significantly more than in non-HHS controls (three of 202 heterozygous individuals; p 5 0.003; OR, 22.1; 95% CI, 3.9-125.2; Table 3 ). The rs145456037 (transcript ID ENST00000381903: c.730A>T, p.Lys244Ter) in KLCR3 (killer cell lectin-like receptor subfamily C, member 3) was observed in five of 12 SCD-HHS (41.7 6 27.9%) and this was also significantly enriched in comparison to non-HHS individuals (10 of 149; Table 3 ) with a slightly lower OR (p 5 0.002; OR, 9.9; 95% CI, 2.3-37.0). On closer inspection, however, this variant was always (and only) observed with two other adjacent variants, suggestive of a complex indel resulting from a dinucleotide insertion (10,568,249-10,568,250insAA) followed by a dinucleotide deletion (10,568,252-10,568,253delTA); this would be anticipated to result in two predicted-damaging adjacent missense amino acid changes in the last exon rather than yielding a stop-gain mutation (details in supplementary data, available as supporting information in the online version of this paper).
Finally, rs77068135 in PCSK5 (proprotein convertase subtilisin/kexin type 5; transcript ID ENST00000376767: c.1998G>A, p.Trp666Ter) was found in four HHS individuals (33.3 6 26.7%); however, this was not significantly enriched in comparison with non-HHS controls (n 5 164; p 5 0.062; Table 3 ). After comparing HHS patients, all of whom were responders, with controls, who were also responders, our results remained consistent with our original findings-MBL2 (p 5 0.003; OR, 33.7; 95% CI, 3.2-357.9), KLRC3 (p 5 0.007; OR, 8.9; 95% CI, 1.9-41.4), and PCSK5 (p 5 0.118; OR, 3.0; 95% CI, 0.8-11.5).
Replication and transferability
To evaluate the transferability of our findings to other SCD cohorts, we evaluated the frequency of our candidate pLOF variants in an independent pediatric SCD cohort that comprised seven HHS and 1231 non-HHS individuals; of note, † The 1000 Genomes database is the largest public catalog of human variation and genotype data. ‡ Exome Aggregation Consortium (ExAC) comprises of exome sequencing data from 60,706 unrelated individuals participating in various disease-specific and population genetic studies. Individuals affected by severe pediatric disease are excluded so this data set should serve as a useful reference set of allele frequencies for severe disease studies. § NHLBI GO Exome Sequencing Project (ESP) comprises of exome sequencing data from various studies of heart, lung, and blood disorders.
transfusion history for non-HHS was unavailable for this study. Consistent with public databases and our internal control, we observed similar MAFs in the non-HHS group; however, we did not observe any significant enrichment of the variants among those with HHS (Table  S4 , available as supporting information in the online version of this paper).
DISCUSSION
Although there is limited knowledge on the etiology of HHS, the confluence of environmental, donor, and recipient factors thus far surmised suggests a complex interplay between various factors. 4, 53 Using WES, we identified a rare, stop-gain SNV in MBL2 and a rare damaging indel in KLCR3 that are enriched among DHTR-positive, adult SCD individuals from Louisiana and Southeast Texas with a history of HHS. MBL2 encodes a protein of the same name (MBL) that belongs to the collectin family of proteins. It is known to play a key role in the innate immune system through recognition of microorganism cell wall components mannose and N-acetylglucosamine and subsequently activating complement-mediated lysis via the lectin pathway. 54 Deficiencies in this gene have been associated with susceptibility to autoimmune and infectious diseases, 55 and previous SNVs in the promoter regions of MBL2 have been associated with altered serum MBL levels. Common missense variants in Exon 1 of MBL2 54 have been described to affect the collagen helical domain 56 resulting in disruption of the assembly of MBL multimers and a functional MBL deficiency. The rare, nonsense variant found to be significantly enriched in our cohort occurs in the last exon of MBL2, which codes for the carbohydraterecognition domain that is involved in the binding of carbohydrates in a calcium-dependent manner. 57 Given that nonsense mutations in the last exon usually result in either a dominant negative or gain of function phenotype via escape of nonsense-mediated decay, 47, 48 we posit that the predominant role of this variant is an abrogation of MBL function rather than a deficiency of serum levels. Unlike the classical pathway of complement activation, the lectin-mediated pathway is not antibody dependent, 58 which would allow for destruction of autologous RBCs in the absence of alloantibodies-the so-called "bystander hypothesis." 14 The role of complement in bystander hemolysis is supported by observations of a strong positive direct agglutination test, regardless of alloimmunization, in 26 DHTR patients; this complement sensitization was apparent even months after the transfusion. 59 Thus, MBL2 makes for an interesting candidate for functional studies of HHS. We also observed evidence for association with a presumed indel in KLRC3. Reduced expression of KLRC3 has been associated with autoimmune diseases 60 and the resulting KLRC3 protein is thought to act as a receptor for the recognition of HLA-E molecules by NK cells and some cytotoxic T cells and may also regulate their activity. 61 Given a proposed roll for NK cells in hemolytic transfusion reactions, 62 KLRC3 is also an interesting HHS candidate.
The variants in MBL2 and KLRC3, taken together, account for, at most, six of the 12 HHS cases in our cohort, suggesting that there may be other contributing variants, perhaps similarly related to innate immunity. Tacit in this observation is that two of the heterozygous MBL2 variant carriers also carried the KLRC3 variant (Fig. S4 , available as supporting information in the online version of this paper). This biallelic carriage was not observed among non-HHS controls and suggests that there may be a role for more complex epistatic effects in which variants in multiple genes might synergistically contribute to the phenotype. 63 Alternately, predisposition to HHS may be mediated by more complex combinations of variants in a single gene; for example, one major limitation was our small sample size, which together with an exon-based assessment, did not allow for extended evaluation of common MBL2 promoter variants that might be acting in tandem with our rare MBL2 variant. Genetically, we chose to evaluate the "lowest hanging fruit" among SCD-HHS individuals-rare, recurrent, pLOF coding variants-leaving other tractable disease models such as damaging singleton variation or noncoding regulatory variation unevaluated. Our efforts to generalize these findings to an independent pediatric cohort were also insightful. We were unable to replicate any significant associations between these variants and HHS. While this could be an example of a false-positive "winner's curse," it should be noted that, unlike the discovery cohort, our replication cohort was composed largely of children, who temporally differ from their adult counterparts in immune development 64 and environmental exposure; this may partially explain our lack of replication. Second, the penetrance of our variants is necessarily incomplete (explaining their appearance in the primary control cohort); it may be that additional environmental, genetic, or transfusion-related factors, not yet evident in the pediatric cohort, are required to trigger HHS 4,53 among carriers of our candidate variants. Similarly, although the non-HHS patients (n 5 1231) were used as controls, one caveat is the current unavailability of the transfusion history of this group, leaving the possibility that they may not have been sufficiently exposed to develop HHS. The allele frequencies observed in the replication cohort established the rarity of the MBL2 variant (MAF < 0.01) in the general population; conversely, the variants in KLRC3 and PCSK5 were relatively more common. This places the greatest weight on MBL2 as the most promising candidate emerging from this study. HHS is an uncommon phenomenon; consequently, there are few established cohorts through which to contextualize our findings. This is compounded by the difficulty in robustly diagnosing HHS, for which the hallmark symptoms may be attributed to other comorbidities of SCD; this is a particular problem for post hoc assemblies of HHS cases within existing cohorts. In our study, for instance, although the primary diagnosis of HHS was secure among the identified cases, it remains unclear whether individuals in the non-HHS SCD cohort may have had HHS diagnosed as something else or may have developed HHS later. These observations underscore the challenges inherent to developing the large, wellphenotyped cohorts that are needed for future genetic studies of HHS. Such studies will need to include both qualitative and quantitative clinical data on RBC transfusions and alloantibodies and span the breadth of age and severity to definitively evaluate the extent of recipient genetic susceptibility to HHS.
In conclusion, our foray into the genetic predisposition to HHS among transfusion recipients with SCD, although preliminary, opens new avenues for future studies of HHS. Larger studies that utilize newer "omics" technologies at genome scale to robustly identify candidate variants in transfusion recipients, combined with suitably powered and well-phenotyped cohorts and functional assays of candidate genes, are an attractive way to begin to understand more about this unusual syndrome. The candidate genes identified here hint at a potential role for defects in innate immunity in HHS and support hypotheses of complement-and macrophage-mediated hemolysis in HHS. Our results may also have diagnostic and therapeutic implications; ultimately, it may be possible to use recipient genetic profiling to inform the need for pretransfusion prophylaxis and provide this in a pathogenesistargeted fashion to reduce the incidence of an unusual, but potentially devastating, transfusion response.
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